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Abstract. Over the last decade, the solar wind has exhibited low den-4
sities and magnetic field strengths, representing anomalous states that have5
never been observed during the space age. As discussed by Schwadron et al.6
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(2014a), the cycle 23–24 solar activity led to the longest solar minimum in7
more than 80 years and continued into the “mini” solar maximum of cycle8
24. During this weak activity, we observed galactic cosmic ray fluxes that9
exceeded the levels observed throughout the space age, and we observed small10
solar energetic particle events. Here, we provide an update to the Schwadron11
et al (2014a) observations from the Cosmic Ray Telescope for the Effects of12
Radiation (CRaTER) on the Lunar Reconnaissance Orbiter (LRO). The Schwadron13
et al. (2014a) study examined the evolution of the interplanetary magnetic14
field, and utilized a previously published study by Goelzer et al. (2013) pro-15
jecting out the interplanetary magnetic field strength based on the evolu-16
tion of sunspots as a proxy for the rate that the Sun releases coronal mass17
ejections (CMEs). This led to a projection of dose rates from galactic cos-18
mic rays on the lunar surface, which suggested a ∼ 20% increase of dose19
rates from one solar minimum to the next, and indicated that the radiation20
environment in space may be a worsening factor important for consideration21
in future planning of human space exploration. We compare the predictions22
of Schwadron et al. (2014a) with the actual dose rates observed by CRaTER23
in the last 4 years. The observed dose rates exceed the predictions by ∼ 10%,24
showing that the radiation environment is worsening more rapidly than pre-25
viously estimated. Much of this increase is attributable to relatively low-energy26
ions, which can be effectively shielded. Despite the continued paucity of so-27
lar activity, one of the hardest solar events in almost a decade occurred in28
Sept 2017 after more than a year of all-clear periods. These particle radia-29
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tion conditions present important issues that must be carefully studied and30
accounted for in the planning and design of future missions (to the Moon,31
Mars, asteroids and beyond).32
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1. Introduction
Galactic Cosmic Rays (GCR) and Solar Energetic Particles (SEPs) pose significant chal-33
lenges to long-duration crewed missions to deep space. The human biological consequences34
of particle radiation range from acute effects (radiation sickness) to long-term effects [c.f.,35
NRC , 2008] including cancer induction, organ damage (including the heart, brain, and36
central nervous system). Risk associated with radiation hazards are typically quantified37
as a function of the effective dose that is related to the energy per unit mass (expressed in38
Gy=joule/kg) absorbed by biological tissue, and weighted according to the effectiveness39
of radiation damage in biological tissue. In this paper, we use recent measurements from40
the CRaTER instrument [Cosmic Ray Telescope for the Effects of Radiation, Spence41
et al., 2010] on the Lunar Reconnaissance Orbiter (LRO) to determine dose rates (data42
available at http://prediccs.sr.unh.edu/craterweb) .43
The deep solar cycle 23–24 minimum and the activity that followed in cycle 24 dif-44
fered significantly from those of the prior solar cycles during the space age [Schwadron45
et al., 2011; McComas et al., 2013; Schwadron et al., 2014b]. Most recently, Rahmanifard46
et al. [2017] concluded that we may be entering an era of extremely low solar activity,47
such as a Dalton minimum, a Gleissberg minimum or a Maunder minimum. Specifically,48
Rahmanifard et al. [2017] studied the recent trends in the evolution of the heliospheric49
magnetic field (HMF) in the context of past solar grand minima, especially the Maunder50
period (1645–1715) to gain further insight. A time series of the HMF was reconstructed51
from geomagnetic data and measurements from near-Earth spacecraft (OMNI) to find the52
timescales that control heliospheric field evolution through conversion from coronal mass53
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ejections (CMEs) into the ambient field, removal of the ambient field through magnetic54
reconnection, and interchange reconnection between CME and ambient magnetic flux.55
The minimum value for the HMF at 1 au in the reconstructed magnetic field is 3.13±0.3556
nT [Rahmanifard et al., 2017], which is ∼ 1 nT lower than observed in the deep cycle57
23-24 minimum. Therefore, the analysis of Rahmanifard et al. [2017] suggests that while58
we have already observed significant weakening in solar activity, there exists the potential59
for far weaker activity in coming cycles.60
Schwadron et al. [2014a] examined the radiation environment utilizing data from61
CRaTER and from PREDICCS [Predictions of Radiation from REleASE, EMM-62
REM, and Data Incorporating the CRaTER, COSTEP, and other SEP measurements,63
http://prediccs.sr.unh.edu Schwadron, 2012]. PREDICCS provides for nowcasting the ra-64
diation environment near Earth, at the Moon, and near Mars. Figure 1 shows a key result65
of Schwadron et al. [2014a] indicating that dose rates (projected to the lunar surface) have66
grown in the last solar minimum to the highest level observed in the space age. A second67
major conclusion in Schwadron et al. [2014a] is that solar energetic particle (SEP) events68
have been quite weak during solar cycle 24. The probability of an SEP event exceeding69
either the 30-day or 1-year BFO limits is vanishingly small for deep space mission with70
at least 10 g/cm2 shielding up to 1 year.71
Schwadron et al. [2014a] were able to make a prediction for the evolution of the radiation72
environment on the lunar surface slightly beyond 2020. The basis of this prediction were73
the results of Goelzer et al. [2013], in which projections for the interplanetary magnetic74
field strength were made based on similarity of the solar cycle progression to the Dalton75
and Gleissberg minima. As seen in Figure 1, both projections showed that galactic cosmic76
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ray dose rates in the coming solar minimum between cycle 24 and 25 will be significantly77
higher (∼ 20%) than the previous solar minimum. This results in a ∼ 20% reduction in78
the time to reach a given level of risk of exposure-induced death (REID) for astronauts79
in interplanetary space. These findings show the pressing need to improve upon the80
understanding of the space radiation risk, predict likely clinical outcomes of interplanetary81
radiation exposure, and develop appropriate and effective mitigation strategies for future82
missions.83
The purpose of this paper is to revisit the predictions of Schwadron et al. [2014a] with84
the benefit of 3.5 years of additional CRaTER data. In the discussion of weakening85
solar activity, we provide data on one of the largest SEP events of solar cycle 24 during86
September, 2017. Our paper is therefore included in the Space Weather special section,87
“Space Weather Events of 4–10 September 2017”. The paper is organized as follows:88
§2 describes the Cosmic Ray Telescope for the effects of Radiation; §3 describes the89
radiation environment due to evolving galactic cosmic fluxes; §4 describes the dose rates90
and accumulated doses observed during the September, 2017 SEP event; §5 describes91
interplanetary conditions near 1 au and modeling showing the configuration of successive92
coronal mass ejections (CMEs) giving rise to the September, 2017 SEP event; §6 provides93
conclusions.94
2. Cosmic Ray Telescope for the Effects of Radiation
The CRaTER instrument consists of a linear stack of 3 pairs of thin and thick silicon95
detectors, labeled D1 through D6 (Spence et al., 2010, Figure 2). With CRaTER in96
its typical orientation, D1–D2 face deep space and the thin-thick detector pair D5-D697
faces the Moon. In this orientation, energetic particles originating from the zenith pass98
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through: 1) 0.81 mm (0.22 g/cm2) Al endcap, 2) D1—D2 detectors, 3) tissue-equivalent99
plastic (TEP) of thickness 54 mm (6.09 g/cm2), 4) D3—D4 detectors, 5) 27 mm (3.04100
g/cm2) TEP, 6) D5–D6 detectors, and 7) 0.81 mm (0.22 g/cm2) Al endcap. Further details101
on CRaTER can be found in Spence et al. (2010). Significant energy loss occurs within102
the TEP. Therefore, D3–D4 are the most shielded detectors within the instrument.103
The energy loss within the TEP allows us to differentiate between particles coming from104
the Moon and GCRs from deep space at energies below a few hundred MeV/nuc. As a105
particle traverses the detector stack, it loses energy, primarily within the TEP. Lower-106
energy particles deposit more energy in a detector than higher-energy particles. As a107
result, a coincident event that is registered in both D4 and D6 (both thick detectors)108
typically deposits a greater amount of energy in D4 than in D6 if it originates from the109
direction of the Moon. Conversely, if the particle originates from deep space, it will deposit110
a greater amount of energy in D6 than in D4, although at high energies, signals in the two111
detectors are indistinguishable. Note that the coincident rates in D4 and D6 from GCRs112
are larger than the coincident rates in D2 and D4 due to the larger field-of-view and the113
comparatively small energy loss within the TEP between D4 and D6 (the piece of TEP114
between D2 and D4 is thicker than the piece between D4 and D6).115
The microdosimeter housed within CRaTER is an early version of what is now a com-116
mercially available hybrid that accurately measures total ionizing radiation dose in a sili-117
con target (http://www.teledynemicro.com/product/radiationdosimeter). The CRaTER118
microdosimeter is behind about ∼4.4 g/cm2 equivalent aluminum, which shields against119
protons below ∼55 MeV. Mazur et al. [2011] discussed the first six months of mission data120
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from the microdosimeter, and Mazur et al. [2015] updated the microdosimeter data from121
the start of the LRO mission through the end of 2014.122
As in Schwadron et al. [2012] we correct the observed dose rate for the changing solid123
angle blocked by the Moon, and for the difference in energy deposition in water/tissue124
versus silicon. All dose rates and accumulated doses are adjusted to the lunar surface,125
where half of the sky is blocked by the Moon. When averaged over 12 h, the variations126
among the various orbit modes have less than a 5% and 20% effect on the galactic cosmic127
ray dose rate and peak solar proton dose rate, respectively.128
3. Does the Galactic Radiation Hazard Continue to Worsen?
We test the predictions from Schwadron et al. [2014a] with new CRaTER data from129
2014 through 2017 (Fig. 3, bright green). As detailed by Schwadron et al. [2014a], the130
measurements of ACE in Fig. 3 (red) result from fitting heavy ion distributions measured131
by ACE/CRIS [Stone et al., 1998] to a model [O’Neill , 2006] for GCR distributions, which132
are then fed in to HZETRN 2005 to estimate associated dose rate. The data from ACE133
are provided up to 2010, after which we use dose rates measured by CRaTER (dark green134
points show CRaTER published previously, light green points show more recent data).135
Model results are shown in Figure 3 (black curves prior to 2014, and blue and red136
curves after 2014) [Schwadron et al., 2014a]. Sunspot numbers are used as a proxy for137
CME frequency (number of CMEs ejected per unit time). The ejection of successive CMEs138
introduces new magnetic flux into the heliosphere, thereby increasing the magnitude of139
the HMF. The low solar activity of the minimum between cycle 23 and 24 enabled steady140
disconnection of magnetic flux unbalanced by the addition of new magnetic flux from141
CMEs [Connick et al., 2009]. The low heliospheric magnetic flux reduces the modulation142
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of GCRs and increases GCR fluxes. The dose rates shown in Figure 1 are therefore143
higher during the 2008–2009 activity lull compared to the 1997 solar minimum, and the144
mini-maximum in cycle 24 continues to show relatively weak solar activity.145
Goelzer et al. [2013] showed that recent trends are consistent with the beginning of146
the 1790–1830 period (the Dalton minimum), or the beginning of the 1890–1920 period147
(the Gleissberg minimum) [Smith et al., 2014]. Solar activity over the next ∼ 5 years148
(through 2020) was estimated [Goelzer et al., 2013; Smith et al., 2014] based on the149
historic behavior in sunspot evolution for the Dalton-like minimum and the Gleissberg-150
like minimum. Recent CRaTER data (bright green points) obtained after the Schwadron151
et al. [2014a] study are compared to predictions in Figure 3. The CRaTER observations152
are enhanced relative to the predictions by ∼ 10%, demonstrating an even more rapid153
increase in radiation dose rates than associated with a Dalton-like or a Gleissberg-like154
minimum.155
Cosmic-ray drifts are known to influence the time-evolution of galactic cosmic ray fluxes156
[Jokipii et al., 1977]. The cosmic ray drift patterns depend on the quantity qA, where q157
is the cosmic ray charge and the sign of A corresponds to the dominant polarity of the158
northern heliospheric magnetic field. In cycles with qA > 0, cosmic rays drift inward near159
the poles and outward near the heliospheric current sheet. In these cycles, we typically160
observe “flat-topped” maxima in the time evolution of GCR fluxes. In contrast, cycles161
with qA < 0 have cosmic ray drift patterns outward near the poles, and inward near the162
current sheet causing “peaked” maxima in the time evolution of GCR fluxes [Webber and163
Lockwood , 1988; Smith, 1990]. For protons and cosmic rays with q > 0, which contribute164
most of the GCR dose, the solar minimum between cycles 23 and 24 had qA < 0 and a165
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peaked maximum in GCR flux, whereas the solar minimum between cycle 24 and 25 will166
have qA > 0 and a flat-topped maximum. The more rapid increase in dose rate reported167
here could be influenced by the change in cosmic ray drift patterns in the transition to the168
cycle 24-25 solar minimum. For this reason, it will be important to compare the shape169
of the maximum in dose rates observed by CRaTER in the timeframe of 2020 (the cycle170
24-25 GCR flux maximum) with the peaked maximum previously observed in 2009 (the171
cycle 23-24 GCR flux maximum).172
While these observations suggest the evolution toward a grand minimum, it is important173
to bear in mind that various solar activity models yield disparate predictions, due to a lack174
of understanding of the underlying mechanisms that drive solar activity. For example, in175
contrast to the prediction of a prolonged deep minimum, a model based on observations176
of the solar polar magnetic fields near solar minimum Svalgaard [2017] predicts that the177
cycle 25 maximum will be stronger than the cycle 24 maximum; this model accurately178
predicted the weak cycle 24 maximum Svalgaard et al. [2005]. Another well-known model179
Hathaway and Upton [2016] predicts that the cycle 25 maximum will be about the same180
as that of cycle 24. Neither of these scenarios is consistent with the onset of a grand181
minimum.182
We also show an update for the sunspot numbers (black curve) in Figure 3183
based on the international sunspot number released by Sunspot Index and Long-184
term Solar Observations (SILSO, http://sidc.oma.be/silso/home). In our 2014 pa-185
per we used the original international sunspot number, which has been updated since186
then to remove the conventional Zurich factor (0.6) and eliminate the effect of a187
new counting method applied in Zurich by reducing all numbers after 1947 by 18%188
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(http://sidc.oma.be/press/01/welcome.html). Since in our work we use sunspot num-189
ber (SSN) as a proxy for the solar activity, we are primarily focused on the variations in190
SSN. In order to be consistent with our previous paper we adapt the new sunspot number191
data set from SILSO for equivalent sunspot numbers.192
Recently, Rahmanifard et al. [2017] investigated the rate of CMEs from LASCO and193
performed a χ-square analysis to derive the relationship between sunspot number and194
CME rate. This analysis resulted in lower CME rate than used by Goelzer et al. [2013],195
and therefore an update to the modulation model developed by Schwadron et al. [2014a].196
The minimum dose rate in Figure 3 near the end of 2014 is similar to the minimum197
dose rate observed, which is ∼ 40% higher in cycle 24 as compared to cycle 23. This is198
important both because of the large increase in dose rate and because the inflection in199
dose rate is now observed by CRaTER with the addition of new data. The fact that the200
observed dose rates exceed the model prediction demonstrates that the paucity of solar201
activity continues to cause elevated cosmic ray fluxes and higher dose rates at this phase202
of the solar cycle than observed previously in the space age.203
Modulation of GCRs by the interplanetary magnetic field is a stochastic process, and the204
relationship between a given level of activity and the resulting flux in the inner heliosphere205
is non-trivial. However, broadly speaking, modulation shifts the energy of ions in the206
local interstellar spectrum (LIS) to lower energies, and depletes the low-energy portion207
of the spectrum. During periods of weak modulation, fluxes of relatively low-energy ions208
(with kinetic energies below about 1 GeV/nuc) are enhanced compared to periods of209
strong modulation, but a significant share of these ions have ranges that are insufficient210
to penetrate moderate depths of shielding. This is particularly true for high-charge ions211
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due to the Z2 dependence of ionization energy loss, and these ions contribute significantly212
to dose in free space or under thin shielding. Less dramatic increases in dose rates are seen213
when shielding is more substantial. For example, the NASA OLTARIS model Singleterry214
et al. [2011] predicts that 30 g cm−2 of aluminum shielding produces a roughly 10%215
decrease in dose rate for solar minimum conditions, and a roughly 15% increase under216
solar maximum conditions, tending to blunt the changes in the incident GCR fluxes.217
4. The Solar Energetic Particle Hazard During Periods of Weak Activity
Schwadron et al. [2014a] studied the probability of SEP events using PREDICCS218
[Schwadron, 2012]. They found that the probability of reaching the 30-day Blood Forming219
Organ (BFO) dose limit of 25 cGy-equivalent behind 10 g/cm2 aluminum shielding was220
insignificant over time-scales of 30 days 1 year [NRC , 2008].221
While the cycle 24 conditions indicate a low probability for an extreme event, the222
recent September 10 2017 SEP event demonstrates that large events can arise with little223
warning. Figure 4 shows the dose rates in the D1–D2, D3–D4, D5–D6 detectors and224
CRaTER microdosimeter; the > 1.5 year lull in activity in 2016-2017 is obvious. The225
recent September 2017 event was one of the largest of the CRaTER mission, and was226
rivaled only the March 13 2012 SEP event in terms of the most shielded D3–D4 and227
microdosimeter dose rates.228
The September 2017 event had an unusually hard spectrum, with large fluxes above 400229
MeV, and large dose rates in the most shielded CRaTER detectors. Figure 5 shows the230
accumulated dose during the event as a function of location and shielding in the CRaTER231
detector stack accumulated during the event along with the PREDICCS doses modeled232
through the event into 1 g/cm2 H2O, a proxy for a Lens or skin dose.233
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In Figure 5, we combined CRaTER observations (yellow triangles) with data from234
PREDICCS (red points). The blue line and shaded uncertainty region represents a power-235
law fit to the PREDICCS data. The functional form of accumulated dose vs. shielding236
plotted in Figure 5 allows us to estimate the effective shielding (in g/cm2) for each of237
the CRaTER detector pairs. The shielding estimates are roughly consistent with the238
average shielding provided by the TEP, endcaps, and the side-shielding that encircles all239
six detectors. These effective shielding depths will be useful in estimating the effects of240
shielding and the attenuation of dose within materials of varying thickness.241
These CRaTER shielding estimates for detector pairs are roughly consistent with the242
shielding associated with the TEP and endcaps. However, radiation penetrates CRaTER243
from all directions not blocked by the Moon. For example, the endcap provides 0.22 g/cm2244
Al shielding. However, we find effective D1–D2 shielding of 0.37± 0.02 g/cm2, which is in245
excess of the endcap shielding due to extra mass around the detector pair and increased246
shielding from side-penetrating radiation.247
An important question is the degree to which the September, 2017 could have significant248
health effects for astronauts. We find from Figure 5 that the lens and skin dose on the249
lunar surface would approach the 30-day limits (100 cGy skin dose and 150 cGy lens dose)250
[Cucinotta et al., 2010; NRC , 2008; NCRP , 2000]. However, even moderate shielding251
(> 1 g/cm2 Al shielding) would reduce the radiation dose below these limits. A question252
is whether the dose would approach radiation limits during an extravehicular activity253
(EVA), typically lasting ∼3 hrs. At the peak skin/lens dose rate of 5.8 ± 0.3 cGy/hr254
behind 0.3 g/cm2 Al shielding, an astronaut would collect 17.4 ± 0.9 cGy dose within255
3 hrs, which is significantly lower than lens/skin dose limits. This dose and dose rate256
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would be approximately doubled in free-space, also below the 30-day limits. Both the257
accumulated doses during the September 2017 event, and the maximum dose rate are258
significantly smaller than those in extreme SEP events, such as the August 1972 event.259
For example, the skin dose and maximum skin dose rate behind thin shielding (Al 0.3260
g/cm2) during the August 1972 event was 3215 cGy and 980.90 cGy/hr [Hu et al., 2009],261
more than a decade larger than observed in the September, 2017 event.262
The precise biological effects of SEP radiation remains an area of active research [e.g.,263
Cucinotta and Durante, 2006; Cucinotta et al., 2010; Schwadron et al., 2014a]. It is264
clear that the September 2017 event is dangerous, with doses that are large, but not265
conspicuously above limits defined by the radiation biology community. An event of this266
kind represents an example in which astronauts would ideally be located behind the safety267
of spacecraft shielding. As such, advance warning for such events remains an imperative.268
We conclude this section by noting that the accumulated dose in the September 2017269
SEP event approached 30-day limits for low shielding thickness. The analysis demon-270
strates that the hard spectrum substantiated a radiation hazard. The fact that the event271
arose during a period of relatively quiet solar activity, while not uncommon for the declin-272
ing phase, suggests that these events may be difficult to predict. However, as discussed273
in the next section, the event shows an evolution generally consistent with twin-CME274
scenarios studied by Li et al. [2012] and Lugaz et al. [2017].275
5. Successive CMEs in Development of the September 2017 SEP events
The detailed evolution of the SEP events in Sept 2017 are shown in Figure 6. These276
include two X-class flares that started each of the major events on September 6 and277
September 10. Note that the multiple eruptions of the same active region at the Sun278
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created a energetic particle seed population that was subsequently accelerated in the279
September 10 event, similar to twin-CME scenarios studied by Li et al. [2012] and Lugaz280
et al. [2017].281
Both of the X-class flares in September were associated with large and fast interplan-282
etary coronal mass ejections (ICMEs). Figure 7 shows the Wang-Sheeley-Arge (WSA)-283
ENLIL model [Odstrcil et al., 2005] with cone extension for simulating propagation of284
ICMEs. The simulations were run at the Community Coordinated Modeling Center285
(CCMC), with the run Leila Mays 101017 SH 5 and model version number ENLIL 2.8.286
The model input parameters for the ICME are as follows: latitude=-15 degrees, longi-287
tude=24 degrees, half-width=50 degrees, speed=1850 km/s, and a CME leading edge288
time of 2017-09-06 14:00 UT at the ENLIL inner boundary of 21.5 Rs. For the second289
ICME the model input parameters are: latitude=-10 degrees, longitude=92 degrees, half-290
width=70 degrees, speed=2800 km/s, and a CME leading edge time of 2017-09-10 17:12291
UT at the ENLIL inner boundary of 21.5 Rs. Left panels in Figure 7 show simulated292
density in the ecliptic plane from 9/6/2017 through 9/8/2017 during the first of the ma-293
jor ICME events. The density enhancement in front of the black contour represents the294
piled up ICME sheath material. Right panels in Figure 7 show simulated plasma speed in295
the ecliptic plane. In this case we observe a fast ICME driving a strong compression that296
presumably forms a shock that sweeps over Earth near 9/8/2017. Note that the modeled297
fast wind driving the shock that sweeps over Earth has a speed exceeding 900 km/s.298
Figure 8 shows the 1 au plasma signatures observed by ACE at 1 au during the passage299
of the ICME released after the September 6 X9.3 flare. We show (pink vertical lines)300
the ICME start time, the ICME Magnetic Ejecta (ME) start time, and the ICME end301
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time. The magnetic field and plasma velocity both show the passage of a shock near302
the beginning of 9/8/2017. The maximum plasma speed is observed slightly in excess303
of 800 km/s. At the ME start time to, there is a decrease in magnetic variability, and304
a clear rotation in the magnetic field. Around the same place where ME starts there is305
also a decrease in temperature, and the steady decrease in plasma speed. This ICME was306
directed at Earth, so we observe the ME.307
Trailing behind the ICME is a rarefaction region where the density becomes low (>308
0.23 cm−3) while the magnetic field strength remains close to nominal. As a result, the309
Alfvén speed becomes large and the Alfvénic Mach number becomes relatively low, > 1.3.310
Even lower densities and Alfvénic Mach numbers may be obscured by several data gaps:311
ACE data gap from 09/09 01:30 to 09/11 00:00 and Wind data gap from 09/10 03:00 to312
09/11 00:00. These conditions are reminiscent of density anomaly observed in May, 1999313
[Usmanov et al., 2000]. Analysis of this rarefaction region is ongoing.314
The WSA-ENLIL simulation of the ICME released after the September 10 flare is shown315
in Figure 9. The WSA-ENLIL model runs from September 10, 2017 through September316
12, 2017 show the propagation of the CME from the Sun to 1 au. This second large ICME317
was directed much closer to the STEREO-B direction, at longitudes more than 90◦ larger318
than that of Earth. Only a small portion of the modeled sheath of the ICME sweeps past319
Earth.320
The ICME sheath appears well connected to Earth throughout the propagation of the321
CME from the Sun to 1 au. This indicates that the energetic particles accelerated from322
the CME sheath can propagate to Earth throughout the period in which the ICME prop-323
agates to 1 au. The in situ plasma signatures observed at 1 au (Figure 10) also show324
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evidence of the compressed ICME sheath, and magnetic ejecta; however both structures325
are significantly smaller and weaker than in the ICME observed on September 8.326
A key question is how large events such as the September 10, 2017 event arise. The327
answer must take into account many factors including: (1) the size, speed and shock or328
compression characteristics of the CME and ICME driver; (2) the magnetic connectivity329
throughout the event [e.g., Schwadron et al., 2015] and (3) the existence of suprathermal330
seed populations [e.g., Schwadron et al., 1996; Desai et al., 2003, 2006].331
The case observed appears to have all the ingredients necessary for extremely high-332
energy particle acceleration: (1) the CMEs released on September 6 and September 10333
were large and fast (speeds > 600 km/s); (2) there was direct magnetic connectivity334
between the CME shock or compression and Earth throughout the propagation of both335
events; (3) the first of the CME events created a large energetic particle seed population336
accelerated further during the passage of the second CME [consistent with the twin-337
CME scenario Li et al., 2012] ; and (4) we are well-connected to the flank of the second338
ICME, where the shock is quasi-perpendicular, which is likely more efficient for particle339
acceleration [e.g., Schwadron et al., 2015],340
Figure 11 summarizes the successive CME events causing particle acceleration to high341
energies. The first September 6 event showed the clear signature of enhanced energetic342
storm particles (ESP) accelerated by the shock during the passage of the Earth-directed343
ICME. In contrast, the second ICME showed only a small ESP enhancement near 9/12344
20:00 UT during passage of the ICME shock. In fact, the peak fluxes occurred when the345
CME was relatively close to the Sun.346
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The observed acceleration by successive ICMEs is well-known to be a powerful energetic347
particle accelerator [Gopalswamy et al., 2004; Li et al., 2012; Lugaz et al., 2017]. The348
first CME causes enhancements in energetic particles throughout the inner heliosphere.349
In fact, prior to the beginning of the September 10 event, we observe energetic particle350
enhancements up to at least 30 MeV. Further, throughout the event we continue to see the351
more rapid decay of energetic particles above 30 MeV after the passage of the ICME shock352
near the beginning of September 8, 2017, suggesting that energetic particles continue to353
diffuse out from the region inside of 1 au. During the acceleration of the second CME,354
an energetic particle population already exists, which then significantly increases the seed355
population fed into acceleration. This appears to be a scenario ideal for acceleration from356
the flanks of the second expanding and accelerating CME close to the Sun [Schwadron357
et al., 2015].358
6. Summary and Conclusions
We have shown that there has been a rapid GCR recovery in the approach to solar359
minimum over the period from 2014 to 2017. Previously Schwadron et al. [2014a] studied360
the evolution of GCR dose rate through solar cycles throughout the space age, concluding361
that the coming solar minimum will show increased fluxes and dose rates associated with362
GCRs compared to previous minima. GCR dose rates are increasing at a rate faster than363
predicted by Schwadron et al. [2014a].364
Despite the low solar activity of cycle 24 and the continued weakening of solar activity in365
the descending phase, we have observed a relatively large SEP event in September of 2017.366
The event appeared as the result of successive fast CMEs, the first released on September367
6, 2017 directed at Earth, and the second released on September 10, 2017 directed >368
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90◦ longitudinally forward with respect to Earth. Both events were magnetically well-369
connected, but the enhanced energetic particle populations accelerated in the first event370
were subsequently accelerated in the second CME event. These observations provide371
strong support for particle acceleration by successive ICMEs [Gopalswamy et al., 2004; Li372
et al., 2012; Lugaz et al., 2017].373
We conclude that we are likely in an era of decreasing solar activity. The activity374
is weaker than observed in the descending phases of previous cycles within the space375
age, and even weaker than the predictions by Schwadron et al. [2014a]. We continue376
to observe large but isolated SEP events, the latest one occurring in September of 2017377
caused largely by particle acceleration from successive magnetically well-connected CMEs.378
The radiation environment remains a critical factor with significant hazards associated379
both with historically large galactic cosmic ray fluxes and large but isolated SEP events.380
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Figure 1. Evolving and increasingly hazardous radiation levels in space. Top Panel:
ACE dose rates (red) are based on fits to CRIS spectra [O’Neill , 2006], CRaTER mea-
surements (green) from the zenith facing D1/D2 detectors are used as proxies for lens
dose rates behind 0.3 g/cm2 Al shielding Schwadron et al. [2012]. The sunspot number
predictions (the lower blue and red dashed lines) show two cases based on a Gleissberg-
like and a Dalton-like minimum, the results of which are similar. The dose predictions
(solid black curve and the upper blue and red curves) are from a sunspot-based model
of the heliospheric magnetic field and the correlated variation in modulation of GCRs
[Appendix A Schwadron et al., 2014a]. The ACE data, CRaTER data, and model results
are projected to the lunar surface. Bottom Panel: Same as top panel but for a longer
time span. [From Schwadron et al., 2014a].
Figure 2. The CRaTER instrument consists of a stack of 3-pairs of thin and thick silicon
detectors separated by tissue-equivalent plastic (TEP). Shown here is the configuration of
these detectors with D1–D2 facing zenith, and D5–D6 facing in the nadir direction. Note
that the D3–D4 detectors are the most shielded thin-thick pair within the instrument.
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Figure 3. Recent CRaTER data (bright green) are updated after the Schwadron
et al. [2014a] study to further test the predictions. The sunspot number predictions
from Goelzer et al. [2013] (the lower blue and red curves) show two cases based on
a Gleissberg-like and a Dalton-like minimum, the results of which are similar. Up-
dates to the sunspot number (lower black curve) are adapted from the international
sunspot number released by Sunspot Index and Long-term Solar Observations (SILSO,
http://sidc.oma.be/silso/home). The dose predictions (solid black curve and the upper
red and blue curves) are from a sunspot-based model of the heliospheric magnetic field and
the correlated variation in modulation of GCRs [Appendix A Schwadron et al., 2014a].
The ACE data, CRaTER data, and model results are projected geometrically to the lunar
surface.
Figure 4. Dose rates in the three thin-thick detector pairs (D1–D2, D3–D4, D5–D6) and
the microdosimeter within CRaTER. All dose rates have been geometrically corrected for
exposure on the lunar surface and corrected for doses in H2O as opposed to Si [Schwadron
et al., 2012].
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Figure 5. Accumulated doses on the lunar surface during the September 2017 SEP
event behind different amounts of Al shielding. Red data points show PREDICCS data
including uncertainties. The blue line and shaded uncertainty region shows power-law fit
to the PREDICCS data, D = D0(s/s0)
γ, where D is dose, s is Al shielding thickness,
and s0 = 1 g/cm
2. The fits have the following coefficients: (top) D0 = 35.91 ± 5.45
cGy, γ = −0.90 ± 0.10, (bottom) D0 = 3.56 ± 0.14 cGy, γ = −0.11 ± 0.03 . In the
top panel, we find the accumulated doses for D1—D2, D3—D4, and D5—D6 and the
intersection with the power-law fit to estimate the effective shielding for each of these
CRaTER thin-thick detector pairs. The numbers and uncertainties next to thin-thick
detector pairs indicate effective Al shielding depth (in g/cm2). In the bottom panel,
we show PREDICCS data and the power-law fit for doses in 10 g/cm2 H2O. Note that
CRaTER detector pair dose rates are comparable to doses in the Lens and Skin (∼ 1
g/cm2 of H2O as a proxy). However, the TEP between D1–D2 and D3–D4 is ∼ 6.09
g/cm2 and therefore not sufficiently thick to evaluate the large internal mass (∼ 10 g/cm2
of H2O as a proxy) associated with Organ and BFO doses. Therefore, the lower panel
includes only PREDICCS data and the power-law fit, but does not contain CRaTER
data.
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Figure 6. Large X-class flares began each of the major events observed in September
2017. The top panels include observations of the erupting active region observed by the
Solar Dynamics Observatory (SDO), courtesy of NASA/SDO and the AIA, EVE, and
HMI science teams. The left top solar image of the September 6 X9.3 flare (11:58 UT) is
from telescope AIA 131. The top right image of the September 10 X8.2 flare (16:06) is a
combination of wavelengths that includes AIA 193. Dose rates on the lunar surface from
CRaTER (panel 2) and PREDICCS are shown throughout both events. Note that dose
rates in free space are approximately 2× those on the lunar surface. In the bottom panel,
we show energetic particle differential fluxes from GOES.
Figure 7. Propagation ICMEs from September 6 through September 8, 2017 based
on WSA-ENLIL simulations. These CMEs followed the X9.3 flare event on September 6.
The ICMEs over this period propagate toward Earth, and a strong compression region
swept past Earth on September 7. These runs were performed by the CCMC.
Figure 8. In situ plasma signatures of the ICME and Magnetic Ejecta (ME) observed
on September 7 and 8. Pink vertical lines indicate the ICME start time, the ICME ME
start time, and the ICME end time. The panels (top to bottom) correspond to: the solar
wind magnetic field strength and RTN components, density, speed, temperature, plasma
beta, and Alfvén mach number.
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Figure 9. Propagation of ICMEs from September 10 (16:00 UT) through September
12 (16:00 UT), 2017 based on WSA-ENLIL simulations. These ICMEs followed the X8.2
flare event on September 10. The ICMEs over this period propagate toward the STEREO-
B direction, at longitudes more than 90◦ larger than that of Earth. These runs were
performed by the CCMC.
Figure 10. In situ plasma signatures of the ICME and Magnetic Ejecta (ME) observed
on September 12 and 13. Pink vertical lines indicate the ICME start time, the ICME ME
start time, and the ICME end time. The panels (top to bottom) correspond to: the solar
wind magnetic field strength and RTN components, density, speed, temperature, plasma
beta, and Alfvén mach number.
Figure 11. Summary of observations of the September 6 and September 10 SEP events.
We note that the September 6 event resulted in a CME directed toward Earth, whereas the
September 10 CME was directed 90◦ longitudinally forward. As a result, the first Earth
directed event showed the passage of the CME, the associated shock and the energetic
storm particles (ESP) accelerated in interplanetary space. In contrast, the September 10
SEP event did not show a pronounced shock-associated ESP enhancement in energetic
particles.
D R A F T February 15, 2018, 10:30pm D R A F T
This article is protected by copyright. All rights reserved.
Fig 1.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 2.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 3.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 4.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 5.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 6.








































y) PREDICCS Al 0.3, H2O 10 g/cm 2
PREDICCS Al 1, H2O 10 g/cm 2
PREDICCS Al 5, H2O 10 g/cm 2












































PREDICCS Al 0.3, H2O 1 g/cm 2
PREDICCS Al 1, H2O 1 g/cm 2
PREDICCS Al 5, H2O 1 g/cm 2
PREDICCS Al 10, H2O 1 g/cm 2
2.5 MeV
6.5 MeV








This article is protected by copyright. All rights reserved.
Fig 7.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 8.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 9.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 10.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
Fig 11.
This article is protected by copyright. All rights reserved.
This article is protected by copyright. All rights reserved.
2017sw001803-f01-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f02-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f03-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f04-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f05-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f06-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f07-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f08-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f09-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f10-z-.eps
This article is protected by copyright. All rights reserved.
2017sw001803-f11-z-.eps
This article is protected by copyright. All rights reserved.
